Abstract. Colorectal cancer (CRC) is one of the most common malignancies worldwide. Tripartite motif-containing 29 (TRIM29) is a member of TRIM proteins family, which plays diverse physiological and pathological roles in humans. Recent studies found that TRIM29 expressed highly in CRC and promoted cell growth in vitro. However, its function in the metastasis of CRC has not been studied. In the present study, we confirmed the previous report that TRIM29 was upregulated in CRC tissues and high levels of TRIM29 expression were associated with poor overall survival of patients. Moreover, TRIM29 knockdown significantly reduced cancer cell proliferation via notably inducing cell cycle arrest and cell apoptosis. Silencing of TRIM29 significantly inhibited the migration and invasion ability of CRC cells. The protein levels of apoptosis-, migration-and invasion-related proteins were also changed after TRIM29 knockdown. Furthermore, phosphorylation levels of JAK2 and STAT3 were clearly reduced in TRIM29 knockdown cells, indicating a possible mechanism underlying its effects on colorectal carcinogenesis. Collectively, TRIM29 may exert oncogenic effects in CRC cells via regulating JAK2/STAT3 signaling.
Introduction
Colorectal cancer (CRC) is one of the most common types of cancer around the world (1) . Due to its insidious onset, the majority of CRC patients are diagnosed at an advanced pathological stage. Despite significant improvements in treatments for CRC over the past decades, the overall survival for those with advanced or metastatic CRC has not been sufficiently improved (2) . Therefore, a better understanding of the molecular mechanism of the metastasis of CRC is important for the development of potential therapeutic approaches for this malignancy.
Tripartite motif-containing 29 (TRIM29, also known as ATDC) belongs to TRIM protein family, which is generally classified due to the presence of an N-terminal tripartite motif including a RING domain, one or two B-box motifs and a coiled-coil region (3) . TRIM proteins have a wide variety of biological roles such as control of innate immune response, development and cancer (4, 5) . TRIM29 expression was decreased in breast cancer (6, 7) , and silencing of TRIM29 in breast cancer cell lines increased cell proliferation, cell motility and invasiveness (6, 7) . In contrast, TRIM29 expression was increased in a spectrum of cancers (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) and elevated TRIM29 expression was associated with reduced survival of patients with bladder (8) , gastric (9) and colon cancer (13) . TRIM29 can promote proliferation of gastric (10) , lung (12) and pancreatic cancer cells (14, 15) , as well as cell invasion of lung (11) and pancreatic cancer cells (14) . In CRC, upregulation of TRIM29 predicted poor survival and promoted cell growth in vitro (13) . Little is known about the biological functions of TRIM29 in the metastasis of CRC.
This study confirmed the overexpression of TRIM29 in CRC tissues and the prognostic value for CRC. Downregulation of TRIM29 inhibited the migration and invasion of CRC cells. Silencing of TRIM29 suppressed cell proliferation via inducing G0/G1 phase arrest and cell apoptosis. Furthermore, gene set enrichment analysis (GSEA) with The Cancer Genome Atlas (TCGA) colon adenocarcinoma (COAD) dataset showed that TRIM29 expression was positively related with Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling pathway, which was further validated in TRIM29-silenced CRC cells. Our data provide new insights into the molecular functions of TRIM29 as well as its possible regulatory mechanisms in CRC. After PCR amplification, a melting curve analysis was subjected to confirm that there were no non-specific PCR products. 2 -∆∆Ct method (19) was performed to analyze the relative expression of TRIM29 mRNA.
Materials and methods

Patients
Western blotting. Total cell lysate was prepared by RIPA buffer with fresh-added proteinase inhibitor (Sigma, St. Louis, MO, USA) and quantified using a bicinchoninic acid (BCA) assay kit (Thermo Fisher Scientific, Inc.). Equal amounts of protein were loaded onto an SDS-PAGE gel and transferred onto a polyvinylidene difluoride membrane. The membranes were blocked with 5% non-fat milk in TBST (10 mm Tris, 15 mm NaCl, 0.05% Tween-20) and then incubated with anti-TRIM29 (1:1,000 dilution, Ab108627; Abcam, Cambridge, MA, uSA), anti-p53 (1:1,000 dilution, #9282; Cell Signaling Technology, Danvers, MA, uSA), anti-Bcl-2 (1:200 dilution, Sc-492), anti-Bax (1:200 dilution, Sc-493) (both from Santa Cruz Biotechnology, Santa Cruz, CA, uSA), anti-caspase-9 (1:1,000 dilution, Ab2014), anti-matrix metalloproteinase-9 (MMP-9) (1:500 dilution, Ab119906) (both from Abcam), anti-Snail (1:1,000 dilution, #3979), anti-Twist (1:500 dilution, #175430), anti-p-JAK2 (1:1,000 dilution, #8082), anti-JAK2 (1:1,000 dilution, #3230), anti-p-STAT3 (1:1,000 dilution, #9138), anti-STAT3 (1:1,000 dilution, #9139) or anti-GAPDH (1:1,500 dilution, #5174) (all from Cell Signaling Technology) overnight at 4˚C. Then, the membranes were incubated with peroxidase-labeled secondary antibodies (Beyotime, Shanghai, China) at room temperature for 1 h and exposed to ECL chemiluminescence reagent (Millipore, Bedford, MA, uSA) according to the manufacturer's instructions. The images were captured and analyzed by using ImageJ software (National Institute of Mental Health, Bethesda, MD, uSA).
Cell proliferation assay. Cell Counting kit-8 (CCK-8) (Beyotime) was used to determine cell proliferation according to the manufacturer's instructions. In brief, HT-29 and SW1116 cells (3x10 3 cells/well) were seeded into 96-well plates. After 24 h, cells were transfected with TRIM29 siRNA or control siRNA. The original medium in every well was replaced by 100 µl 10% FBS/DMEM medium containing 10 µl CCK-8 at 0, 24, 48 and 72 h after transfection and the plates were incubated at 37˚C for another 2 h. The absorbance was measured at 450 nm on a microplate reader (Prolong, Beijing, China). DMEM medium containing 10% CCK-8 was used as a control.
Cell cycle and apoptosis analysis by flow cytometry. For cell cycle analysis, cells were fixed in pre-cooled 70% ethanol overnight at 4˚C at 48 h after transfection. Then, the cells were stained with propidium iodide (PI) and detected by flow cytometry (BD Biosciences, San Jose, CA, uSA) to evaluate the cell cycle distribution.
Cell apoptosis was also detected using the Annexin V Apoptosis Detection kit (BD Biosciences) by flow cytometry. Cells transfected with TRIM29 siRNA or control siRNA for 48 h were collected, and incubated with Annexin V-FITC and PI at room temperature in the dark for 15 min. All experiments were performed in triplicate.
In vitro invasion and migration assay. The migration and invasion assays were performed in 24-well Transwell chamber with a pore size of 8 µm (Corning, New York, NY, uSA). For invasion assay, the membrane was covered with Matrigel (BD Biosciences) to mimic a matrix barrier. Twenty-four hours after transfection with TRIM29 siRNA or control siRNA, 2x10 5 cells suspended in 100 µl serum-free medium were added to the upper chambers, while the lower chambers were filled with 700 µl DMEM with 20% FBS. After incubated at 37˚C for 24 h, cells on the upper side of the membrane were carefully removed using a cotton swab and cells on the lower side of the membrane were fixed in 4% formaldehyde for 30 min and stained with 0.5% crystal violet for 10 min. Then, cells were imaged and counted on five randomly selected fields under a microscope (Olympus, Tokyo, Japan). For migration assay, only 4x10 4 cells were plated onto the Transwell chamber without Matrigel.
GSEA of CRC with TRIM29 expression. TCGA COAD dataset was obtained from https://tcga-data.nci.nih.gov/tcga/. GSEA of TCGA COAD dataset was conducted to explore the gene sets enriched in samples with higher TRIM29 expression as previously described (20) . The nominal P-value and normalized enrichment score (NES) were used to sort the pathways enriched in high TRIM29 expression.
Statistical analyses. All experiments were carried out at least three times and data are presented as the means ± standard deviation (SD). All data were analyzed using GraphPad Prism 6.0 software (GraphPad, La Jolla, CA, uSA). Differences between groups were assessed by Student's t-test. Survival analysis was performed according to Kaplan-Meier method. Differences in overall survival between TRIM29-high and -low groups were assessed by the log-rank test. P<0.05 was considered statistically significant.
Results
TRIM29 expression and prognostic value in human CRC.
We performed qRT-PCR analysis and demonstrated that TRIM29 mRNA level was significantly higher in CRC tissues (n=90) than that in paired non-tumorous tissues (Fig. 1A,  P<0 .0001). Similar results were obtained based on the analysis of expression data of TCGA COAD dataset from https://tcga-data.nci.nih.gov/tcga/ (Fig. 1B, P<0 .0001). The 90 patients were divided into TRIM29-high and-low groups by using the median value of TRIM29 mRNA level as cut-off.
Kaplan-Meier survival analysis suggested that the patients with TRIM29-high tumor had significantly poorer prognosis than patients with TRIM29-low tumor (P=0.0091, Fig. 1C ). The median survival times were 38 months in the patients with TRIM29-high tumor and 56 months in TRIM29-low tumor.
Knockdown of TRIM29 by RNAi. We then investigated the function of TRIM29 in CRC cells using siRNA silencing technology. Firstly, we assessed TRIM29 mRNA and protein expression in seven CRC cell lines by qRT-PCR and western blotting, respectively. As shown in Fig. 2A and B, two cell lines, SW1116 and HT-29, had a higher level of mRNA and protein expression, and were chosen for further study. Furthermore, HT-29 and SW1116 cells were transfected with TRIM29 siRNA or control siRNA (NC). Gene silencing was confirmed by qRT-PCR (Fig. 2C ) and western blotting (Fig. 2D) , and both mRNA and protein levels of TRIM29 were reduced at least 60%.
Silencing of TRIM29 inhibits the proliferation, but induces cell cycle arrest of human CRC cells.
To explore the effects of TRIM29 on CRC cell proliferation, CCK-8 assay was performed. Here, CCK-8 assay demonstrated that cell proliferation was significantly inhibited by TRIM29 gene silencing in HT-29 and SW1116 cells (Fig. 3A) .
We wondered whether TRIM29 influences the cell cycle of CRC cells. We evaluated cell cycles of both CRC cells by PI staining and flow cytometer after transfection with TRIM29 siRNA or control siRNA for 48 h (Fig. 3B) . In HT-29 cells, the percentage of G0/G1 phase was significantly higher in TRIM29 siRNA transfected cells than that in control siRNA transfected (Fig. 4A) . Similar trend was observed in SW1116 cells. The results indicated that the silencing of TRIM29 led to cell cycle arrest and lowered the proliferation of CRC cells, which confirmed the results of CCK-8 assay.
Effect of the TRIM29 siRNA on apoptosis of CRC cells. We then determined the effect of TRIM29 knockdown on apoptosis of CRC cells by Annexin V/PI staining and flow cytometry analysis. In control siRNA transfected cells, the majority of cells were intact live cells. After TRIM29 siRNA transfection, apoptotic cells notably increased. The data demonstrated that both HT-29 and SW1116 cells exhibited a noteworthy increase in early-apoptosis rate (Annexin V + /PI -) in TRIM29 siRNA group, compared to control siRNA group (Fig. 4A and B) . ) was also increased in TRIM29 siRNA group, while no late-apoptosis cells were observed in WT and control siRNA group. These data demonstrated that TRIM29 siRNA can markedly induce apoptosis in CRC cells.
TRIM29 is involved in p53-regulated pathways such as apoptosis (21, 22) . Thus, we detected the expression levels of p53 and apoptosis-related proteins (Bax, Bcl-2 and caspase-9) in CRC cells with TRIM29 siRNA treatment. As shown in Fig. 4C and D, TRIM29 siRNA significantly increased the protein levels of p53, Bax (an apoptosis promoting protein) and caspase-9 (apoptosis-related cysteine peptidase), but notably decreased the protein level of Bcl-2 (an anti-apoptosis protein). These data suggested that TRIM29 siRNA may induce apoptosis via regulating the p53 pathway.
Effects of TRIM29 knockdown on cell migration and invasion. We determined the effect of TRIM29 knockdown on the migration and invasion of CRC cells. Fig. 5A and B show that in both HT-29 and SW1116 cells, the migration and invasion abilities were not significantly different in WT and control siRNA cells, while the migration and invasion potential of the TRIM29 siRNA transfected cells was significantly decreased comparing with the control group. These data suggested that TRIM29 might be involved in the migration and invasion of CRC cells.
The expression of migration-related proteins was also analyzed by western blotting (Fig. 5C and D) . The protein levels of MMP-9, Snail and Twist were significantly downregulated by TRIM29 knockdown in HT-29 and SW1116 cells.
Silencing of TRIM29 suppressed JAK2/STAT3 pathway. To explore the gene sets enriched in samples with higher TRIM29 expression, we performed GSEA to identify the associated signaling pathways using high throughput RNA-sequencing data of the COAD dataset of TCGA (Fig. 6A) . We found that the JAK/STAT signaling pathways were associated with TRIM29 expression. To explore the effect of TRIM29 on JAK2/STAT3 signaling in CRC cells, we evaluated the activation of JAK2 and STAT3 by western blotting. In CRC cells transfected with control siRNA, we observed high level of JAK2 and STAT3 phosphorylation. On the contrary, in cells transfected with TRIM29 siRNA, JAK2 and STAT3 phosphorylation significantly reduced (Fig. 6B and C) . These data suggested that TRIM29 may exert effects on apoptosis, migration and invasion of CRC cells by activating the JAK2/STAT3 pathway. 
Discussion
It has been demonstrated that the expression of TRIM29 proteins was closely related with the development of various malignant tumors (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . Jiang et al showed that TRIM29 expression was increased in primary CRC tumors, poor survival (both overall and disease-free) is associated with increased TRIM29 expression, and TRIM29 knockdown leads to reduced cell proliferation and colony forming ability of RKO cells (13) . In the current study, we partially confirmed these results (13) , on the effects of TRIM29 on cell cycle, cell apoptosis, migration and invasion of CRC cells in vitro and explored the possible regulatory mechanisms.
p53, as one of the most common tumor suppressor genes in human cancer, is involved in cell growth arrest, DNA repair and cell apoptosis (23) . Previous reports have shown that TRIM29 could inhibit p53-mediated functions (21, 22) . Increased cell apoptosis has been observed in TRIM29-silenced gastric cancer cells (10) . Here, TRIM29 siRNA treatment led to a significant increase of cell apoptosis, as well as expression of p53, Bax and caspase-9, and a notable reduction of Bcl-2 expression (Fig. 4) . Our data implied that TRIM29 siRNA may induce cell apoptosis through upregulating p53 expression although further exploration is needed for the precise mechanism.
Cell invasion and migration are key steps that lead to the metastasis and poor prognosis of tumors (24) . TRIM29 inhibits cell motility and invasiveness of breast cancer cells (7) , while promotes that of pancreatic (14) and lung cancer cells (11) . The discrepancy may show that TRIM29 has different functions dependent on different cell types. Silencing of TRIM29 significantly inhibited the migration and invasion of CRC cells (Fig. 5) , which may partially explain the poorer overall survival of patients with higher TRIM29 expression. MMP-9, an important member of the MMPs, plays a critical role in cancer invasion and metastasis (25) . TRIM29 was reported to promote lung cancer cell invasion via upregulating MMP-9 (11). Snail and Twist, inducers of epithelial-mesenchymal transition (EMT), were previously shown to be involved in the pathogenesis of tumors (26) . TRIM29 is a regulator of EMT in pancreatic intraepithelial neoplasia lesions (16) , whereas, TRIM29 inhibits Twist1 expression and EMT of breast cancer cells (7) . In this study, we showed that TRIM29 silencing triggered a decrease in the expression of MMP-9, Snail and Twist (Fig. 5) . Therefore, we hypothesize that TRIM29 promotes the migration and invasion of CRC cells through regulation of MMP-9, Snail and Twist.
JAK2/STAT3 signaling pathway, which is frequently constitutively activated in cancer (27) (28) (29) (30) , has been shown to involve in cell apoptosis, cell cycle arrest and cell invasion of CRC cells (31) . A recent study reported that TRIM8, a member of TRIM proteins, could enhance the STAT3-dependent signal pathway by inhibiting the function of PIAS3 (32) . In the present study, we found a notable decrease of JAK2/STAT3 activation (Fig. 6) , which suggested that TRIM29 may exert its anti-apoptotic, anti-cell cycle arrest and cell invasion-promoting functions via JAK2/STAT3 signaling pathways.
In summary, we found that TRIM29 expression in CRC tissues was significantly higher than in non-tumorous tissues, and it correlated with overall survival of patients. More importantly, our results demonstrated a possible pro-tumorigenic role of TRIM29 via JAK2/STAT3 signaling in CRC. The study may contribute to a better understanding of CRC and provide a new therapeutic target of this disease.
